The actin cytoskeleton is implicated in many cellular processes, such as cell adhesion, locomotion, contraction and cytokinesis, which are central to any development. The extent of polymerization, cross-linking, and bundling of actin is regulated by several actin-binding proteins. Knock-out mutations in these proteins have revealed in many cases only subtle, if any, defects in development, suggesting that the actin system is redundant, with multiple proteins sharing overlapping functions. The apparent redundancy may, however, re¯ect limitations of available laboratory assays in assessing the developmental role of a given protein. By using a novel assay, which reproduces conditions closer to the natural ones, we have re-examined the effects of disruption of many actin-binding proteins, and show here that deletion of a-actinin, interaptin, synexin, 34-kDa actin-bundling protein, and gelation factor affect to varying degrees the ef®ciency of Dictyostelium cells to complete development and form viable spores. No phenotypic defects were found in hisactophilin or comitin null mutants. q
Introduction
In the lower eukaryote Dictyostelium, the concerted action of chemotactic cell motility (Gerisch, 1987; Parent and Devreotes, 1996) and intercellular adhesion (Bozzaro and Ponte, 1995) transforms a monolayer of single cells into multicellular three-dimensional aggregates, each of which gives rise to a slug, a sausage-shaped unitary organism capable of undergoing extended migration towards light and temperature gradients, before culminating into a fruiting body (Bonner, 1967; Loomis, 1975; Fisher, 1997) . Elaborate and polarized cell movements occur inside the cell mass during slug and fruiting body formation, leading to sorting out of differentiating cell populations, the prestalk and the prespore cells; prestalk cells will eventually form a slender stalk lifting in the air, and the prespore tissue gives rise to a sorus of mature, encapsulated spores (Siegert and Weijer, 1997; Williams, 1997) . Because of the central role of motility in the life cycle of Dictyostelium, the actin cytoskeleton has been thoroughly studied. Several actin-binding proteins have been isolated, mostly due to their interactions in vitro with actin, or as cDNA based on sequence homologies (Noegel and Luna, 1995) . The in vivo role of actinbinding proteins has been studied in mutants generated by either gene disruption or gene overexpression. In some cases, such as in mutants lacking coronin (Maniak et al., 1995) , myosin IB (Jung and Hammer, 1990) , 120-kDa gelation factor (Cox et al., 1996) , pro®lin (Haugwitz et al., 1994) or cortexillin (Faix et al., 1996) , defects in phagocytosis and/or in cytokinesis have been reported. In contrast, only minor alterations in cell locomotion have been found in mutants defective in these proteins, as well as severin (Andre Â et al., 1989) , cap32/34 (Hug et al., 1995) , ponticulin (Hitt et al., 1994) , 34-kDa actin-bundling protein (Rivero et al., 1996a) , and a-actinin (Rivero et al., 1996b) . Consistent with these results, no or only minor developmental defects have been reported for mutants in actin-binding proteins, with the exception of pro®lin null mutant and of double mutant a-actinin/gelation factor, which are blocked at the tip stage (Witke et al., 1992; Haugwitz et al., 1994) . Based on these results, it has been proposed that actin-binding proteins are part of a redundant network, i.e. several proteins might share similar activities or take over overlapping functions. Genetic redundancy can be a driving evolutionary force as it permits a process to continue under a wider range of environmental conditions (Thomas, 1993) . The degree of redundancy is per de®nition relative to the environmental conditions, and thus to the laboratory assays used to investigate developmental processes. We have suggested that the standard experimental conditions to study Dictyostelium development do not re¯ect the stringent complexity of the natural ones, and sometimes fail to reveal graded phenotypic defects. In the natural environment, Dictyostelium cells are exposed to rough, uneven surfaces made of soil particles, decaying leaves and other debris with varying physical and chemical properties. In the laboratory, the cells can grow and aggregate in liquid media under submerged conditions; postaggregative development and fruiting require a solid substratum and contact with an air±water interphase. Commonly used substrata to study development include agar, wetted ®lter paper, sometimes glass coverslips or polystyrene dishes. On all these substrata, cell aggregation results in a two-dimensional streaming pattern, while it is three-dimensional on soil; diffusion patterns of secreted chemoattractants are not as irregular as they may be on an uneven ground, and cells do not have to`climb mountains or cross valleys' to aggregate. Similarly, slug migration on a smooth, even surface is very likely less dif®cult than on soil, where slugs have to bridge chasms between soil particles (Higuchi and Yamada, 1992) . Thus, defects affecting cell motility, cell±cell or cell±substratum adhesion will probably interfere with cell aggregation and further development in a more dramatic way on soil than under usual laboratory conditions. We have devised a simple procedure to reproduce in the laboratory a soil substratum that allows a quantitative analysis of development under conditions closer to the natural ones. By using this novel assay we have recently shown that the adhesion molecule csA is essential for development, while it is dispensable under more commonly used developmental assays (Ponte et al., 1998) . We have extended this analysis to several mutants in actin-binding proteins, and show here that deletion of many actin-binding proteins impairs the ef®ciency and the morphology of development.
Results

Timing and ef®ciency of development of null mutants for actin-binding proteins on soil or agar
The deletion mutants that have been tested in this paper are listed in Table 1 . With the exception of mutants for synexin, the others are all single or double mutants for actin-binding proteins which stimulate either bundling (ABP-34, comitin), cross-linking (a-actinin, ABP-120) or membrane anchoring (hisactophilins, comitin, interaptin) of actin. Comitin was identi®ed as a Golgi-bound protein which interacts with, and bundles, actin (Weiner et al., 1993; Jung et al., 1996) . Hisactophilins are myristoylated proteins present in membrane-bound and soluble form, and supposedly anchor the actin cytoskeleton to the plasma membrane at acidic pH (Scheel et al., 1989; Stoeckelhuber et al., 1996) . Synexins are the Dictyostelium isoforms of annexin VII, and bind to membranes in the presence of Ca 21 ions (Do Èring et al., 1995) . Interaptin is a new member of the a-actinin family, which shares with a-actinin the actin-binding domain at the NH 2 -terminus, while possessing a carboxyl terminal domain responsible for binding to membranes of the ER and nuclear envelope (Rivero et al., 1998) . The cross-linkers ABP-120, ABP-34 and a-actinin are concentrated in the cell cortex, in pseudopodia, lamellipodia and focal adhesion points (Condeelis, 1995; Noegel and Luna, 1995) .
We ®rst compared the ability of wild-type or mutant cells to undergo development and form fruiting bodies on nonnutrient agar or`soil plates', i.e. Petri dishes containing a layer of soil particles moistened with water, prepared as described in the experimental procedures. In both cases, cells were plated at the beginning of development at a concentration of 1 £ 10 8 per ml. Two parameters were analyzed: timing of development and ef®ciency of fruiting body formation.
On agar, the time required for fruiting bodies to form was slightly longer for mutants 34 2 , aA 2 , abpD 2 and syn 2 , while it was comparable to the wild-type for the remaining mutants tested (Fig. 1) . Under the conditions used, we did not appreciate changes in shape and size of fruiting bodies formed on agar in any of the analyzed mutants, but the ef®ciency in fruiting body formation, compared to the wild-type, was reduced by 20±35% in some cases (Fig. 2) (Fig. 1) . The latter mutants, as well as mutant 120 2 , were strongly impaired in their ef®ciency at fruiting, which varied from less than 1% of the wild-type for 34 2 /aA 2 mutant to a maximum of 45^12% for syn 2 mutant (Fig. 2) . Interestingly, the double mutation in 34-kDa actin-bundling protein and a-actinin resulted in a much stronger impairment of fruiting body formation than in the single mutants, whereas no additive effect was found in the double mutation 34 2 / 120 2 (Fig. 2 ).
Altered phenotypes of null mutants for actin-binding proteins on soil
Most of the mutants that were less ef®cient at fruiting also showed an abnormal phenotype at the end of development on soil, which was not evident on agar. The fruiting bodies formed by mutant syn 2 were characterized by having smaller sori on top of longer stalks ( 
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2 and, to a lesser extent, mutant aA 2 formed small fruiting bodies, consisting of normal size sori but very short, sometimes thick, stalks (Fig. 3 ). Mutant abpD 2 formed fruiting bodies heterogeneous in size; remarkably, this mutant gave rise to slugs with multiple enlargements all over the body (Fig. 3B,C) , and releasing a large amount of slime sheath during migration (Fig. 3A) . The double mutant 34 2 /aA 2 was the most impaired one, being almost totally blocked at slug stage, forming extremely small slugs rarely able to transform into minute fruit- Fig. 1 . Timing of development of Dictyostelium wild-type cells (AX2) or null mutants for actin-binding proteins on agar or soil plates. At the beginning of starvation, a total of 2.5 £ 10 7 cells of the indicated strain in 0.2 ml of 0.017 M So Èrensen Na/K phosphate buffer were plated on agar or soil plates to cover an area of about 2 cm 2 and incubated at 238C. Development was monitored at regular intervals with a stereomicroscope. The time elapsed from the beginning of starvation for appearance in the colonies of the ®rst compact aggregates (dotted lines) or fruiting bodies (dashed lines) is shown in the ordinate. The average times (^SD) of ®ve experiments are shown (for fruiting body formation only). For further details, and for preparation of soil plates, see Section 4. Loomis and Kuspa (1997) has been followed for the loci corresponding to the actin-binding proteins tested. The resistance cassettes used were hygromycin (hyg R ), neomycin (G418 R ) and blasticidin (bsr R ).
ing bodies (Fig. 3) Estimating the fruiting body number on soil has the drawback that small slugs and fruiting bodies that do not manage to reach the soil surface escape scoring. The mutants may, thus, appear to be inef®cient at fruiting, though their spore yield could be similar to the wild-type. We therefore determined the spore yield in the whole colonies for the seven mutants that were at the greatest disadvantage when plated on soil. Soil particles, or the piece of agar, corresponding to the entire colony area were collected in equivalent volumes of buffer solution, potentially entrapped amoebae were lysed with SDS, and an equal volume of the solution containing spores was plated on bacterial lawns. As shown in Fig. 4 , where it was of about 40% (Fig.  4) . Again, the double mutation 34 , displayed an additive effect. Thus, the determined spore yields on soil were dramatically lower than on agar, consistent with the soil conditions being more stringent, and correlated with the reduced ef®ciency to form fruiting bodies.
Spore viability in null mutants for actin-binding proteins
A reduced spore yield in the colony may result from either a lower proportion of cells entering the fruiting bodies and maturing into SDS-resistant spores or the spores being less viable or both. To test the possibility that a defect in actin-binding proteins might affect spore viability, we plated a de®ned number of SDS-treated, morphologically intact spores on bacterial lawns and determined the viability index by calculating the proportion of colonies formed per plated spores. As summarized in . Remarkably, with the exception of syn 2 , for the remaining three mutants these values are in the same range as their spore yields on agar. We conclude that the lower spore yield of mutants aA 2 , 34 2 /aA 2 and abpD 2 on agar re¯ects the reduced spore viability only, whereas on soil it depends on both lower spore viability and a lower number of cells entering the fruiting bodies.
Discussion
Phenotypes on soil and agar of mutants in actin-binding proteins
The more stringent conditions of the developmental assay on soil plates have revealed developmental effects of null mutations in actin-binding proteins that are not evident, or only barely detectable, on agar plates. As developmental parameters we have investigated timing, ef®ciency of fruiting body formation, altered phenotype and spore yield. We have also examined the possibility that a reduced spore yield might re¯ect a reduced spore viability consequential to deletion of a given actin-binding protein. Depending on the severity of the effects, the mutants can be grouped in four classes: (1) deletion of a-actinin or interaptin strongly impairs the viability of SDS-resistant spores as well as the ef®ciency to form fruiting bodies or spores on soil and, to a much lower extent, on agar; (2) deletion of synexin reduces the ef®ciency of fruiting body formation on soil, but not on agar, affects partially the spore yield both on agar and soil, and reduces slightly spore viability; (3) deletion of the 34- Fig. 4 . Spore yields of selected null mutants for actin-binding proteins on agar or soil plates. At the end of development, the agar piece or the soil particles of each whole colony were transferred to 50-ml test tubes containing 10-ml So Èrensen phosphate buffer. After repeated vortexing, the larger soil particles were allowed to sediment and 5 ml of the suspension was transferred to 15-ml test tubes and treated with 0.5% SDS for 5 min. A 1-ml aliquot of the suspension containing SDS-resistant spores was then transferred to a new 15-ml tube, and centrifuged at 1000 £ g for 5 min. The pellet was resuspended in 10-ml So Èrensen phosphate buffer, and samples containing spores were diluted 1000-or 10 000-fold; from each dilution aliquots of 1, 10 or 25 ml were plated on bacterial lawns. The number of colonies formed per each dilution was scored and expressed as a percentage relative to colonies formed by wild-type spores originating from agar-or soil-plated cells. The number of germinating AX2 spores was 25^7 and 5^2 per ml on agar or soil, respectively. kDa actin-bundling protein or the 120-kDa gelation factor also affects the ef®ciency to form fruiting bodies and spores on soil, with only slight effects on agar, and no effect on spore viability; (4) single or double deletions of comitin and hisactophilins have no effect whatsoever on development or fruiting body shape.
With regard to the phenotype of fruiting bodies in the de®cient mutants, there is a clear difference between syn 2 and abpD 2 mutants, from one side, and mutants 120 2 and aA 2 , on the other side. Synexin and interaptin-minus mutants give rise to fruiting bodies with, respectively, elongated stalk and small sorus or heterogeneous size; the fruiting bodies of mutants 120 2 and aA 2 are characterized by having a short stalk and normal-size sori. The latter phenotype is quite evident on soil, and much less pronounced, if not absent, on agar. Interestingly, the double mutation 34 2 / aA 2 results in clearly cumulative effects with regard to the phenotype as well as ef®ciency in fruiting body formation and spore yield; developmental timing and spore viability instead resembled those of aA 2 mutant. In contrast, the double mutation 34 2 /120 2 does not display any additive effects, the developmental parameters of the double mutant being identical to that of 120 2 mutant.
3.2. The altered phenotypes in mutants for actin-crosslinking proteins are related to defects in cell motility affecting aggregation and culmination A delay in developmental timing and low ef®ciency at fruiting on soil in mutants defective in actin-cross-linking proteins, such as 34-kDa bundling protein, a-actinin or gelation factor, can be explained by alterations in cell motility. Altered pseudopod formation, reduced cell motility and chemotaxis have been reported for gelation factor null mutant (Cox et al., 1996) . A slight but signi®cant reduction in chemotactic speed on glass has also been recently reported for double mutants 34 2 /120 2 and 34 2 /aA 2 , but not however for the single mutants 34 2 and aA 2 (Rivero et al., 1999) . The latter mutant showed a slightly impaired adhesion to polystyrene dishes (data not shown). We have shown that the stringent conditions which cells are exposed to on soil accentuate defects in cell motility and/or adhesion to substrate, which are barely detectable on agar or plastic surfaces (Ponte et al., 1998) . By altering cell motility, disruption of actin-cross-linking proteins, such as a-actinin, the 34-kDa bundling protein or the 120-kDa gelation factor, will lead to a lower number of cells undergoing aggregation, and thus to a reduced number of fruiting bodies. In this respect, all three cross-linkers seem to contribute equally well to the aggregation process.
A defect in cell motility can also explain the most common phenotype of fruiting bodies formed on soil by null mutants for a-actinin and gelation factor, namely small fruiting bodies with a short, sometimes thick, stalk. A highly dynamic cytoskeleton is required for migration of prestalk cells inside the cell mass of the culminating slug, and to provide them the necessary strength for lifting the spore mass into the air (Shelden and Knecht, 1995; Rivero et al., 1996b) . The minute slugs formed by 34 2 /aA 2 mutant and their extreme dif®culty to culminate can also be explained by a defect in cell motility impairing aggregation ®rst and culmination later on. The cumulative effects of the 34 2 /aA 2 double mutation, in contrast with the double mutation 34 2 /120 2 , and the reported cumulative effects on development of the double mutation aA/120 2 (Rivero et al., 1996b) suggest that a-actinin is the most prominent regulator of actin-linked motility during development.
Synexin and interaptin may regulate differentiation and patterning
The fruiting bodies of synexin-minus mutants consist of elongated stalks and relatively small sori. Clearly, culmination is not a problem in the mutant, but there could be a patterning problem, with relatively more cells differentiating along the stalk pathway. Synexin has been involved in the regulation of intracellular Ca 21 homeostasis (Do Èring et al., 1995) , and it is tempting to speculate that the observed phenotype could be linked to this activity. Indeed, several lines of evidence suggest that raising intracellular Ca 21 levels shifts the stalk/spore ratio toward the stalk pathway (Cubitt et al., 1995) .
The phenotype of interaptin null mutant on soil differs not only in the heterogeneity in fruiting body size and shape, but also in the remarkable enlargements distributed all over the migrating slug body, and the high amount of released slime sheath. Interaptin is developmentally regulated and expressed mainly in the tip and in anterior-like cells (ALC) of the slug (Rivero et al., 1998) . It is possible that interaptin, by regulating membrane traf®cking and secretion a At the end of development on agar, spores were randomly collected with a loop and transferred in So Èrensen phosphate buffer containing 0.5% SDS. After 5 min SDS-resistant spores were diluted 1000-fold, counted to determine the concentration, and an aliquot containing 200 spores per each strain was plated in triplicate on bacterial lawn.
b The number of colonies formed per plate was scored, and reported in column 3 (^SD).
c Viability index, proportion of colonies formed per plated spores (^SD).
in the tip (Rivero et al., 1998) , could be involved in proper cell differentiation and sorting. If so, the enlargements of the slugs could re¯ect a defect in tip dominance leading to slug fragmentation, which could explain the heterogeneity in fruiting body size.
Spore viability: possible roles of actin-binding proteins
Deletion of a-actinin or interaptin, and to a lower extent synexin, results in lower spore viability. Our experiments do not allow us to discriminate whether the spores fail to differentiate properly, despite the presence of a spore coat, or to germinate. If the former is true, many seemingly intact spores could be killed by SDS treatment. Evidence for involvement of the actin cytoskeleton in spore germination is supported by the ®nding that actin is strongly phosphorylated in dormant spores, and its dephosphorylation is the ®rst temporal event upon activation of germination (Kishi et al., 1998) . A transient increase in intracellular Ca 21 levels, followed by activation of calmodulin, is also required prior to spore swelling (Lydan and Cotter, 1995 -regulated actin cross-linking and/or anchoring to the membrane could be required for optimal swelling and germination. Mutations in actin-cross-linking proteins could affect germination by altering the visco-elasticity of cells. In this context, it is suggestive that aA 2 cells are less resistant against deformation (Eichinger et al., 1996) , and that mutants aA 2 /120 2 and aA 2 /34 2 are more sensitive to osmotic stress (Rivero et al., 1996b (Rivero et al., , 1999 .
We do not have an explanation for the lower spore viability in interaptin null mutants. As mentioned above, the protein is expressed at high levels in the ALC cells, and only at low levels in prespore cells, which might suggest a role for the protein during slug migration and culmination, but not in spore germination. However, a low level expression of interaptin has been found in vegetative cells; thus, it would be interesting to examine whether changes in the expression of interaptin are correlated with spore germination.
The introduction of soil plates to study development has evidenced developmental defects in gene disruption mutants for proteins involved in cell adhesion (Ponte et al., 1998) and motility (this paper), allowing to de®ne better their degree of relative redundancy. The ®nding that mutants for comitin and hisactophilins develop normally on soil is further evidence for the validity of the experimental system. Comitin is supposed to play an intracellular role in vesicle traf®c, which may not be linked with development (Jung et al., 1996) . Hisactophilin interacts with actin only at acidic pH (Stoeckelhuber et al., 1996) . It is possible that a potential role of hisactophilin in development could be revealed by exposing hisactophilin null and overexpressing mutants to acidic soil particles.
Materials and methods
Cell cultures and growth conditions
AX2 wild-type and mutant cells were cultivated in axenic medium under shaking at 150 rev./min and 238C in a Ku Èhner (Birsfelden, Switzerland) climatic cabinet as described (Watts and Ashwort, 1970; Peracino et al., 1998) . They were harvested at a density of no more that 4 £ 10 6 cells/ml. The single and double mutants used in this work were all generated by gene disruption as described in the references shown in Table 1 .
Preparation of soil plates
Soil plates were prepared as described by Ponte et al. (1998) . Brie¯y, commercially available garden soil (type universal, neutral pH) was sieved to obtain particles of homogenous size (#0.4 cm in diameter), and was autoclaved. The autoclaved soil can be stored for several weeks in a closed container at room temperature, without apparent contamination. Soil plates were prepared freshly by distributing aliquots of 20 g soil homogeneously on 90-mm in diameter Petri dishes, and moistening with 0, 5 or 10 ml of sterile water to obtain three types of soil plates with different degrees of moisture. Dictyostelium development is dependent on the degree of humidity, thus preliminary experiments with AX2 wild-type cells were performed on all three types of plates when a new batch of soil was prepared to ®nd out the soil plate in which the developmental timing was closer to that of agar plates. For most of the experiments described in this paper this corresponded to soil plates moistened with 5 ml of water.
Development on soil or agar plates
Cells were washed free of axenic medium, and concentrated to 1 £ 10 8 /ml in 0.017 M So Èrensen Na/K phosphate buffer (pH 6.0), and aliquots of 0.25 ml were pipetted onto soil or non-nutrient agar plates to cover an area of approximately 2 cm 2 . Four samples can be accommodated easily in one plate with enough space left in between to avoid any interference between colonies. The plates were covered with a lid and were incubated at 238C. Development and fruiting body formation were monitored with a Wild M3Z stereomicroscope (Heerbrugg, Switzerland) equipped with overhead optical ®bers (Intralux 6000, Volpi Heerbrugg, Switzerland).
Determination of spore yield and spore viability
To determine the spore yield on soil or agar, starving cells were plated as described above. After 48 h, the agar piece or the soil particles of each whole colony were transferred in 50-ml test tubes containing 10-ml So Èrensen phosphate buffer. After repeated vortexing, the larger soil or agar particles were let to sediment, and 5 ml of the suspension was immediately transferred to 15-ml test tubes and treated with 0.5% SDS for 5 min (Bozzaro et al., 1987) . A 1-ml aliquot of the suspension containing spores was then transferred to a new 15-ml test tube and was centrifuged at 1000 £ g for 5 min. The pellet was resuspended in 10-ml So Èrensen phosphate buffer, and samples containing spores were diluted either 1000 or 10 000-fold; from each dilution aliquots of 1, 10 or 25 ml were plated on nutrient agar with Escherichia coli B/2 as food source. The number of plaques formed per each dilution was scored and expressed as a percentage relative to plaques formed by wild-type spores originating from agar-or soil-plated cells to estimate the spore yield of each mutant colony.
To determine spore viability, cells were let develop on agar plates as described above. Spore were randomly collected with a loop and transferred in So Èrensen phosphate buffer containing 0.5% SDS for 5 min. SDS-resistant spores were diluted 1000-fold, counted to determine the concentration, and an aliquot containing 200 spores was plated in triplicate on bacterial lawn. The number of plaques formed per plate after 60 h from plating was scored, and the ratio of colonies formed per plated spores was calculated to determine the viability index.
